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esses in CdSe quantum dotsLin-Wang WangNERSC, Lawren
e Berkeley National Laboratory, Berkeley, CA, 94720Mar
o Califano, Alex ZungerNational Renewable Energy Laboratory, Golden, CO, 80401Alberto Fran
es
hettiOak Ridge National Laboratory, Oak Ridge, TN 37831Auger rates are 
al
ulated for CdSe 
olloidal quantum dots using atomisti
 pseudopotential wave-fun
tions. We predi
t the dependen
e of Auger ele
tron 
ooling on size and on 
orrelation e�e
ts(in
luded via 
on�guration intera
tion). Auger multi-ex
iton re
ombination rates are predi
ted forbi-ex
itons as well as for tri-ex
itons. The results agree with re
ent measurements and shed lighton the signi�
an
e of the dot surfa
e on Auger multi-ex
iton de
ay.PACS numbers: 71.15.-m, 71.55.-iAuger e�e
ts are expe
ted to play a 
entral role in
arrier relaxation in nanostru
tures [1℄-[10℄. Two typesof Auger e�e
ts, ilustrated in Fig. 1, are prominent:(i) Ele
tron 
ooling (Figs. 1a,b: In the 3D bulk, or a2D quantum well, the relaxation of an ex
ited ele
tronto its ground state usually o

urs by phonon emission.The dis
rete nature of the ele
troni
 states of 0D dotsis expe
ted [2℄ to prevent phonon-assisted ele
tron re-laxation (phonon bottlene
k). Multi-phonon (
ombinedLO � LA) e�e
ts [3℄, or polaroni
 e�e
ts [4, 5℄, mayallow ele
troni
 relaxation to o

ur within a limited en-ergy range around the phonon energy �h!0. However,this may not be suÆ
ient to remove the phonon bottle-ne
k in small, strongly 
on�ned quantum dots. On theother hand, ele
tron relaxation rates in CdSe quantumdots were observed to be fast (� � 0:3 ps in 2.3 nm ra-dius nano
rystals [6℄, � = 0:9� 1:2 ps for samples of size4.3 nm [7℄). It was proposed [8℄ that in a photoex
itedquantum dot the "hot" ele
tron 
an transfer its energyto the hole via an Auger pro
ess involving ele
tron-holes
attering (Fig. 1a,b).(ii) Auger multi-ex
iton re
ombination (Fig. 1
,d): Aground-state biex
iton 
an de
ay into an ex
ited-statemonoex
iton. Due to a large number of �nal mono-ex
iton ex
ited states, the eÆ
ien
y of this pro
ess 
om-petes with radiative re
ombination (i.e. �2!1e�h < �rad),and e�e
tively quen
hes the PL intensity [9℄. Theseevents 
an lead to photoionization (when one of the �nalele
tron or hole states is unbound), whi
h was invoked toexplain PL intermitten
y e�e
ts [10℄. The inverse Augerpro
ess (
reation of two e-h pairs from a single ex
ited ex-
iton) has been advo
ated [11℄ as a me
hanism of enhan
-ing solar 
ell eÆ
ien
y. A similar Auger pro
ess involvesthe de
ay of a ground state tri-ex
iton into an ex
itedbi-ex
iton; this 3! 2 Auger de
ay (Fig. 1d) 
an be evenfaster than the 2! 1 de
ay (Fig. 1
). Yet another typeof Auger pro
ess involves the de
ay of a ground state

trion into a hot ele
tron (�e in Fig. 1e) or a hot hole (�hin Fig. 1f).All Auger e�e
ts illustrated in Fig. 1 are at theheart of quantum dot 
arrier dynami
s, and produ
ephenomena distin
t from bulk physi
s. Re
ently, fem-tose
ond 
arrier dynami
s studies (see [1, 6, 9℄ and refer-en
es therein) have been performed on 
olloidal quantumdots. These experiments have revealed various 
arrier re-laxation times, whi
h have been attributed to di�erentAuger relaxation pro
esses. Sin
e, however, the interpre-tation of the results in terms of spe
i�
 de
ay me
hanismsis un
ertain, there is a need for a

urate theoreti
al 
al
u-lations for spe
i�
 Auger de
ay pro
esses. Auger e�e
tsin quantum dots have been previously modeled using k�p[8, 13℄ and tight-binding [14℄ Hamiltonians. However, the
onventional k�p des
ription for the highly ex
ited statesinvolved in Auger transitions might not be suÆ
iently a
-
urate [15℄. Furthermore, the 
hoi
e of the boundary 
on-ditions for the k�p wavefun
tions near the surfa
e 
ouldbe problemati
 [16℄, and as we will see later, su
h regionplays a 
riti
al role in some of the Auger pro
esses. Thereare also problems due to the la
k of atomisti
 des
rip-tion of the wavefun
tions for multi-ex
iton Auger e�e
tswhi
h involve ex
hange- and Coulomb-like integrals. Thesame problems exist in the tight-binding method whi
hla
k expli
it basis fun
tions [14℄. Thus, there is a need forrealisti
 and quantitatively reliable methods to 
al
ulatethe Auger e�e
ts in quantum dots.We have applied our pseudopotential many-body ap-proa
h [17℄ to 
al
ulate di�erent Auger pro
esses in CdSequantum dots. We will show that su
h 
al
ulations pro-du
e quantitative agreement with experiments, reveal thedependen
e of 
ooling rates on ex
itation energy, predi
tthe ratios between �3!2e�h and �2!1e�h , the hidden relationsbetween �2!1e�h and �e and �h, and the role of the dotsurfa
e in Auger multi-ex
iton re
ombination.Method of 
al
ulation: although there is no momentum



2
onservation in Auger pro
esses for a quantum dot, theenergy still needs to be 
onserved. The dis
reteness ofthe dot-
on�ned single-parti
le energy levels would seemto pre
lude energy 
onservation and therefore eÆ
ientAuger transitions [13℄. However, other intera
tions hav-ing quasi-
ontinuous spe
tra 
an be involved and thusmitigate the energy 
onservation problem. In order toa

ount for these other pro
esses we 
onsider the Auger�nal states to have a �nite lifetime �h=�, thus evolve withtime as �finalexp(�i!t� �t=2�h). This �nite lifetime isdue to intera
tion with other ex
itations (e.g., phonons)whi
h 
ause their de
ay into lower energy states. We de-rive a phenomenologi
al formula for the Auger rate (un-der the standard time dependent perturbation theory):Wi = ��hXn j < ij�H jfn > j2(Efn �Ei)2 + (�=2)2 ; (1)where ji > and jfn > are the initial and �nal Augerele
troni
 states, Efn and Ei are their eigen-energies,and �H is the Coulomb intera
tion. In Eq. (1), wehave used multiple �nal states fng (where n in
ludesspin as well), sin
e ea
h �nal state might have some 
on-tributions to the Auger rate W. The Auger lifetime is� = 1=Wi. We have 
al
ulated the single-parti
le energylevels �i from the plane-wave empiri
al pseudopotentialmethod des
ribed in Ref. [18℄, solved within a plane-wave basis, in
luding spin-orbit e�e
ts. The surfa
e ofthe wurzite dots is saturated by ligand potentials. Wehave used both the original EPM of ref. [19℄ (hen
e-forth referred to as EPM-1), and a slightly modi�ed po-tential (EPM-2), with a di�erent numeri
al implementa-tion of the non-lo
al potential (the eigenstates of EPM-1and EPM-2 are however very similar). We 
onsider twodots: Cd232Se235, Cd534Se527, of diameters 29.25 and38.46 �A , respe
tively. The initial and �nal states jii andjfi are given by Slater determinants obtained by popu-lating the appropriate ele
troni
 states. When the ini-tial or �nal states are degenerate or nearly degenerate,a 
on�guration-intera
tion expansion of the many-bodystates was used to a

ount for the 
oupling between thenearly degenerate Slater determinants. The evaluationof the Auger matrix elements hij�H jfi requires the 
al-
ulation of Coulomb integrals of the form:J(j; k; l;m) = X�;�0 Z Z ��j (r; �)��k(r0; �0) e2�(r; r0)jr � r0j��l(r; �)�m(r0; �0) d3r d3r0; (2)where f�ig are the single-parti
le wave fun
tions and�(r; r0) is the diele
tri
 fun
tion of the quantum dot. The-oreti
ally it is not 
lear whether the Auger rates shouldin
lude s
reening or not (i.e. whether �(r; r0) = 1). Tra-ditionally, in the theoreti
al treatment of bulk valen
eAuger pro
esses, diele
tri
 fun
tions are used [20℄, al-though there is no rigorous derivation for su
h s
reen-ing [21℄. It is also important to determine whether the

main 
ontribution to the Coulomb integrals (Eq. (2))
omes from the interior of the dot (in whi
h 
ase s
reen-ing might be important), or from its surfa
e (in whi
h
ase �(r; r0) � 1 would be a better approximation). Toa

ount for both possibilities, we use a diele
tri
 s
reen-ing fun
tion1�(r; r0) = 1 +� 1�(d; jr� r0j) � 1�m(r)m(r0); (3)where m(r) is a mask fun
tion that 
hanges smoothlyfrom 1, when r is inside the dot, to 0, when r is outside.�(r; r0), therefore, is equal to �(d; jr� r0j) inside the dot,while it is equal to 1 when r, or r', or both are outsidethe dot. Eq. (3) 
an thus also be used to investigate theorigin (surfa
e or interior) of J(j; k; l;m): if the use ofEq. (3) yields the same result obtained with �(r; r0) =�(d; jr � r0j), then the main 
ontribution to the integral
omes from the interior of the dot. If, however, the resultis 
lose to the one obtained with �(r; r0) � 1, then theintegral is 
oming mostly from the surfa
e. We have usedour 
al
ulated diele
tri
 fun
tion �(d; jr� r0j) [19℄, whi
hdepends on the dot size d.
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FIG. 1: Illustration of the various Auger de
ays 
onsideredhere. The integer on the bottom right-hand side of ea
h panelindi
ates the total number of spin 
on�gurations (
hannels)in the �nal state.Auger ele
tron thermalization: The �nal and 
riti
alstep in the ele
tron 
ooling pro
ess (Fig. 1a) involvesthe de
ay of the ex
ited ele
tron from the p level ep1 tothe ground ele
troni
 state es. In the Auger-mediatedthermalization pro
ess, this is a
hieved by promoting a



3hole from hs to hn. The de
ay rate is thus:��1(hsep1 ! hnes) = ��hXn� jJ(hs; ep;hn; es;�)j2(�E + �hn � �hs)2 + (�=2)2 ;(4)where �E=�ep1 -�es is the energy di�eren
e between ini-tial and �nal ele
tron levels and the sum runs over the sele
tron spin � ="; # as well. Using the masked diele
tri
fun
tion of Eq. (3), we �nd that the main 
ontribution tothe integrals J(hs; ep; hn; es) 
omes from the interior ofthe dot, so the use of �(r; r0) = �(d; jr�r0j) is appropriatefor the Auger thermalization pro
ess. The summation inEq. (4) in
ludes 30 �nal hole states f�hng [22℄. Theresulting ��1(hsep ! hnes) are plotted as fun
tions of�E in Fig. 2 using three possible values for the broaden-ing �: 5, 10, 20 meV. Experimental energy loss rates forhighly ex
ited holes (or ele
trons) yield an estimate for �around 10 meV [23℄. Sin
e in a
tual nano
rystals, thereare many fa
tors whi
h might a�e
t the value �E of theele
tron sp splitting (shape and size distribution, surfa
ee�e
ts, external 
harge near the quantum dot, et
.), weshow, in Fig. 2 the plot of � vs. �E, from whi
h we de-rive the following observations: (i) at resonan
e, � is ofthe order of 0.1 ps; (ii) away from resonan
e, the Augerlifetime is inversely proportional to �, and, for � = 10meV, � is about 0.5 ps for both quantum dots. Theseresults are in ex
ellent agreement with the re
ent exper-iment by Klimov et al. [6℄, where the p to s ele
tron
ooling has been determined to have a lifetime of about0.3 ps.
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FIG. 2: Auger de
ay rates for ele
tron 
ooling (Fig. 1a),for two di�erent sizes of passivated CdSe dots, evaluated atthree values of the broadening parameter � (see Eq. (4)).The verti
al arrows denote the value of the 
ooling energy�E=�ep � �es . The 
al
ulations use EPM-2 and the single-parti
le approximation.Many-body e�e
ts on Auger thermalization: Table I

(left-hand side) 
ompares the results of the single-parti
le(SP) approa
h and the CI treatment for �(hsep1 ! hnes)(Fig. 1a), showing that many-body e�e
ts play a minorrole in su
h de
ay. We �nd that 
orrelation e�e
ts under-lying the CI treatment lead to a shift of the resonan
e po-sitions, 
ompared to the single parti
le treatment. Thisshift in
reases with de
reasing nano
rystal dimensions,whereas the overall shape of the 
urves and the values ofthe lifetimes at resonan
e are very similar.TABLE I: Left-hand side: Comparison between ele
tron 
ool-ing ep1hs ! eshn Auger lifetimes (in ps) 
al
ulated within thesingle-parti
le (SP) approximation and with CI. Right-handside: 
omparison between SP and CI results for the Auger
ooling lifetimes in the presen
e of a spe
tator ground stateex
iton. All values displayed are 
al
ulated with EPM-1 (atT=300 K) for the a
tual value of the ele
tron sp splitting(i.e. at the position of the arrow in Fig. 2). The CI basisin
ludes the �rst 30 hole and �rst 7 ele
tron states, i.e. 840
on�gurations.No spe
tator ex
iton With spe
tator ex
itonSP CI CI SPCd232Se235 0.024 0.023 0.017 0.024Cd534Se527 0.029 0.038 0.036 0.029Auger thermalization in the presen
e of a spe
tator ex-
iton: thermalization from ep1 to es 
an also o

ur whenother parti
les exist as spe
tators. We �nd (Table I right-hand side) that the ele
tron 
ooling lifetime in the pres-en
e of a spe
tator ex
iton (Fig. 1b) is shorter than thelifetimes for the 
orresponding Auger relaxation withoutthe spe
tator ex
iton [24℄. This implies that the 
or-relation e�e
ts (partially in
luded in the CI treatment,but not in the single-parti
le one) be
ome in
reasinglyimportant, for the Auger ele
tron 
ooling pro
ess, within
reasing number of 
arriers.Auger bi-ex
iton re
ombination (Fig. 1
): The biex
i-ton re
ombination pro
ess sket
hed in Fig. 1
 has an in-teresting sele
tion rule: if we use �e to denote the Augerlifetime for the pro
ess of ex
iton+ele
tron ! ele
tron(Fig. 1e), and �h for the pro
ess of ex
iton+hole ! hole(Fig. 1f), then we have the rule:1�2!1e�h = 2�e + 2�h ; (5)where the fa
tor 2 
omes from the in
reased 
hannelavailability in the 2 ex
iton ! 1 ex
iton 
ase [25℄. To
al
ulate �e and �h, we use a single Slater determinantto represent ji > and jfn > in Eq. (1), and we obtain:



41�e = 1�hXn �(�gap � �en + �es)2 + (�=2)2 (6)�jJ(es;"; es;#; en; hs)� J(es;#; es;"; en; hs)j2;and1�h = 1�hXn �(�gap + �hn � �hs)2 + (�=2)2 (7)�jJ(hs;"; hs;#;hn; es)� J(hs;#; hs;";hn; es)j2;where the subs
ripts ", # indi
ate the spin- degenerateKramer's doublets, and �gap is the single-parti
le energygap (see Fig. 1a). Via Eq. (3), we �nd that the multi-ex
iton re
ombination rate 
omes primarily from the sur-fa
e of the dot, so the s
reening �(r; r0) 
an be assumedin �rst approximation to be equal to 1. To 
al
ulate �e(�h) we have 
omputed 60 ele
tron (hole) states aroundthe ideal energy �gap + �es (�gap � �hs). The results forCd534Se527 are shown in Fig. 3a, for �=10 meV. The life-time � is plotted as a fun
tion of �gap, the a
tual valueof whi
h is indi
ated by a verti
al arrow. We see howthe sum rule (Eq. (5)) is obeyed: The slow de
ay of thenegative trion into a hot ele
tron (�e �40-60 ps, in Fig.1e), and the de
ay of the positive trion into a hot hole(�h �40-80 ps, in Fig. 1f), add up to the fast bi-ex
itonde
ay �2!1e�h , Fig. 1
, of about 12 ps. We estimate that theuse of the e�e
tive s
reening of Eq. (3) will in
rease the
al
ulated Auger lifetime by a fa
tor of about 2, yielding�2!1e�h � 24 ps. This is in ex
ellent agreement with theexperimental result of 22 ps [9℄.Tri-ex
iton Auger de
ay (Fig. 1d): The values ob-tained for the lifetime as a fun
tion of the single-parti
legap �gap, assuming �(r; r0) = 1, are shown in Fig. 3b forCd534Se527. We see that, �3!2e�h is roughly 5 ps. Thisgives a ratio of �2!1e�h =�3!2e�h = 2.4, whi
h is very 
lose tothe experimental ratio of 2.1 [9℄.In summary, we �nd: (i) A sensitive dependen
e of theele
tron 
ooling rates on Ep�Es, the o�-resonan
e valueof whi
h depends on the value of �. Due to this sensitiv-ity it should not be possible experimentally to see singleexponential de
ay when investigating dot ensembles. Us-ing the experimentally estimated � (10 meV), gives � ofthe order of 0.5 ps, in ex
ellent agreement with experi-ment. (ii) The main 
ontribution to 1=�2!1e�h 
omes fromthe dot surfa
e, therefore its exa
t value might dependon the details of the des
ription of the surfa
e diele
tri
s
reening. (iii) A simple model for the s
reening fun
-tion near the surfa
e gives an estimate for �2!1e�h around24 ps for the Cd534Se525 dot. This again is in very goodagreement with experiments. (iv) Our 
al
ulated ratio�2!1e�h =�3!2e�h =2.4 for the Cd534Se527 dot agrees well withthe experimental value of 2.1.Our pseudopotential 
al
ulations 
on�rm many ex-perimental Auger results in CdSe quantum dots. Our
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FIG. 3: Cd534Se527 dot: (a) Auger bi-ex
iton re
ombinationlifetime � 2!1e�h (Fig. 1b), de
omposed into the �e (Fig. 1
)and �h (Fig. 1d) 
ontributions (see Eq. (5)). (b) Augertri-ex
iton re
ombination lifetime � 3!2e�h together with its two
ontributions 
oming from a single hole and a single ele
-tron s
attering. All lifetimes were 
al
ulated with EPM-2and �(r; r0) = 1.methodology presents itself as a reliable tool to 
al
ulatethe details of Auger pro
esses in nanostru
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